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Many microtubule (MT) structures contain
dynamic MTs that are bundled and stabilized
in overlapping arrays. CLASPs are conserved
MT-binding proteins implicated in the regula-
tion of MT plus ends. Here, we show that the
Schizosaccharomyces pombe CLASP, cls1p/
peg1p, mediates the stabilization of overlap-
ping MTs within the mitotic spindle and inter-
phase bundles. cls1p localizes to these regions
but not to interphaseMT plus ends. Inactivation
of cls1p leads to the rapid depolymerization of
spindle midzone MTs. cls1p also stabilizes
a subset of MTs within interphase bundles.
cls1p prevents disassembly of the entire micro-
tubule, while still allowing for plus-end growth.
It has no measurable effects on MT nucleation,
polymerization, catastrophe, or bundling. A
direct interaction with ase1p (PRC1/MAP65)
targets cls1p to regions of antiparallel MT over-
lap. These findings show how a MT-stabilizing
factor attached to specific sites on MTs can
help to generate MT structures that have both
dynamic and stable components.
INTRODUCTION
Spatial regulation of microtubule (MT) organization and
dynamics is responsible for the complex assembly of
MT-based structures such as the mitotic spindle (Karsenti
et al., 2006; Nedelec et al., 2003). The stabilization of MTs
underlies mechanisms of spindle assembly, chromosome
segregation, cytokinesis, and polarization of interphase
arrays in many cell types. Certain MT bundles contain
MTs that are dynamic but at the same time are resistant
to complete depolymerization (Baas and Black, 1990;
Eichenlaub-Ritter and Ruthmann, 1982; Salmon and
Begg, 1980). Mechanisms for how MT dynamics may be
regulated in this manner at only certain cellular locales
are not understood.
The MT-binding protein CLASP is emerging as an im-
portant regulator of MT dynamics. In cultured mammalian
cells, CLASP resides at plus ends of interphase MTs (Akh-
manova and Hoogenraad, 2005; Akhmanova et al., 2001).812 Developmental Cell 13, 812–827, December 2007 ª2007 EDepletion studies suggest a role for CLASPs in enrichment
of MT plus ends at the leading edge; time-lapse images
suggest that they promote MT rescue and/or pause
events at the cortex (Mimori-Kiyosue et al., 2005). ‘‘Pio-
neer’’ MTs at the leading edge of migrating cells, which
grow through the dense actin-rich network without shrink-
ing, are specifically decorated along the lattice with
CLASP through a Rac-mediated pathway (Wittmann and
Waterman-Storer, 2005). CLASP also functions during mi-
tosis, where it is present on kinetochores and spindle MTs
(Maiato et al., 2003). Loss of CLASP function causes many
types of mitotic spindle failure, which vary according to
cell type and methods of disrupting CLASP function (Han-
nak and Heald, 2006; Inoue et al., 2000, 2004; Lemos
et al., 2000; Maiato et al., 2003; Mimori-Kiyosue et al.,
2006; Pasqualone and Huffaker, 1994; Pereira et al.,
2006). In particular, CLASP is needed for promoting MT
plus-end growth at kinetochores in prometaphase (Maiato
et al., 2005). The molecular mechanism of how CLASP
regulates MT dynamics is still far from clear. Generally, do-
mains of CLASP interact with MTs, EB1, and CLIP170
(Akhmanova et al., 2001; Mimori-Kiyosue et al., 2005;
Wittmann and Waterman-Storer, 2005; Yin et al., 2002).
CLASP also localizes in some cell types at sites of MT nu-
cleation, near the minus end of MTs, at centrosomes, and
also at sites on the Golgi apparatus (Akhmanova et al.,
2001; Efimov et al., 2007; Lemos et al., 2000; Maiato
et al., 2003).
The fission yeast Schizosaccharomyces pombe serves
as a simple model cell for studying MT dynamics and or-
ganization. These cells exhibit two types of structures
that contain bundles of stable overlapping antiparallel
MTs: the interphase MT bundles and the mitotic spindle.
These structures are characterized by square-packed
MTs linked by short fibrils of unknown composition (Ding
et al., 1993; Hoog et al., 2007). During interphase, MTs
are organized in 3–5 bundles, each containing on average
4–5 MTs, which are arranged in an antiparallel configura-
tion (Hoog et al., 2007; Sawin and Tran, 2006). The MT
plus ends grow from the medial overlap zone to the cell
tip, contact the cell tip, and then exhibit catastrophe and
shrink back to the overlap zone. These bundles are main-
tained by nucleation of new MTs from g-tubulin com-
plexes on the MTs, which move in a kinesin-dependent
manner to the medial overlap zone (Carazo-Salas et al.,
2005; Janson et al., 2005, 2007). In addition, these bun-
dles have a short region of MT stabilization within the over-
lap zone, as shown by resistance to the MT inhibitorlsevier Inc.
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CLASP in Microtubule Stabilizationmethyl-2-benzimidazole carbamate (MBC) (Tran et al.,
2001). This stabilization zone does not appear to be a ca-
nonical MT-organizing center, as indicated by the fact that
these bundles can ‘‘self-organize’’ and form this MBC-
resistant stabilization zone even in anucleate cells (Car-
azo-Salas and Nurse, 2006; Daga et al., 2006).
During mitosis, MTs are organized from the spindle
poles and bundled into an intranuclear spindle. In early
mitosis, about half of the spindle MTs are overlapping in-
terpolar MTs. At anaphase onset, approximately 18 kinet-
ochore MTs segregate the 6 chromatids to the spindle
poles within 1 min of anaphase onset, and 10–20 interpo-
lar MTs push the poles apart for anaphase B (Ding et al.,
1993; Khodjakov et al., 2004; Nabeshima et al., 1998;
Tolic-Norrelykke et al., 2004). These overlapping MTs rep-
resent a highly stable population: the same MTs that form
during initial phases of spindle assembly in prometaphase
persist through late anaphase (Khodjakov et al., 2004;
Mallavarapu et al., 1999). Response to laser cuts suggests
that stabilization zones in the spindle correspond to
regions of overlapping MTs (Ding et al., 1993; Khodjakov
et al., 2004). MT plus ends of these MTs still grow for spin-
dle elongation and exhibit shrinkage events, but do not
generally shrink past the midzone region until late ana-
phase (Sagolla et al., 2003), suggesting that MT rescue
occurs in the midzone. In both the spindle and interphase
arrays, the molecular bases for regulating these complex
MT behaviors are not well understood.
One important factor for assembly of these overlapping
MT arrays is a conserved MT-bundling protein, ase1p
(PRC1/MAP65) (Loiodice et al., 2005; Yamashita et al.,
2005). ase1p decorates precisely regions of MT antiparal-
lel overlap (Janson et al., 2007). ase1Dmutants are viable
but exhibit interphase MTs with reduced bundling and
mitotic spindles that often fall apart in anaphase.
Fission yeast has a sole CLASP ortholog, cls1p/peg1p,
which has significant homology to other CLASPs. In a re-
cent study (Grallert et al., 2006), this fission yeast CLASP
was found to localize to the spindle and to be necessary
for spindle assembly. This study also claimed that CLASP
localizes to growing MT plus ends and functions with
dynein to induce MT catastrophe of plus ends at cell tips.
Here, in an independent study, we were surprised to
find that this S. pombe CLASP homolog is generally not
present at interphase MT plus ends, but resides in regions
of stable MTs within the overlap zones of interphase bun-
dles and the spindle midzone. We demonstrate that
CLASP does not appear to affect general MT plus-end dy-
namics but is responsible for MT stabilization within these
bundles. Further, a direct interaction with ase1p targets
CLASP to these sites. This work describes a new mecha-
nism for formation of a dynamic yet stable array of over-
lapping MTs.
RESULTS
cls1p Localizes to Regions of MT Overlap
To determine the localization of cls1p, we constructed
a functional cls1-3GFP fusion expressed at endogenousDevelopmenlevels from the cls1 chromosomal locus. In mitotic cells,
cls1p was nuclear and accumulated along a subset of mi-
totic MTs (Figure 1A; Figure S1A in the Supplemental Data
available online), similar to a previous report (Grallert et al.,
2006). In preanaphase spindles, cls1p localized along the
length of the spindle. In elongating anaphase B (phase III)
spindles, cls1p was clearly concentrated to the spindle
midzone region (average length of cls1p localization:
2.3 ± 0.4 mm; n = 15). Short movements of cls1p were con-
fined to this region (Figure S1B). cls1p was not present in
the region of the spindle poles or on cytoplasmic astral
MTs during anaphase. This pattern of cls1p localization
corresponded to predicted regions of MT stabilization
and square-packed overlapping interpolar MTs (Ding
et al., 1993; Khodjakov et al., 2004).
cls1p also localized to preanaphase kinetochores.
Because it was not possible to distinguish kinetochore
staining from MT staining in preanaphase spindles, we
used the nda3-311 (b-tubulin) strain, which arrests in
metaphase without any spindle MTs (Hiraoka et al.,
1984). These arrested cells exhibited three nuclear dots
of cls1p, which colocalized with a kinetochore marker
ndc80-CFP (Figure 1B). During anaphase, cls1p was not
detectable on kinetochores, which are situated in wild-
type cells near the spindle poles (Figure 1A; Figure S1A;
Nabeshima et al., 1998). These data are consistent with
findings of cls1p association with CEN DNA by CHIP anal-
yses (Grallert et al., 2006).
During interphase, cls1p localized to a small number of
dots (2–8 per cell) on cytoplasmic MT bundles (Figure 1C),
in addition to a faint, diffuse nuclear localization. Although
Grallert et al. (2006) interpreted this cytoplasmic staining
pattern to include growing MT plus ends, we did not detect
cls1p on growing plus ends of interphase MTs (see below).
Rather, the cytoplasmic dots localized within medial
regions of antiparallel MT overlap, in the vicinity of MT mi-
nus ends. These dots decorated a region smaller than the
overlap zone. Often multiple (2 or 3) cls1-3GFP dots of var-
ious intensities were present on a single MT bundle within
the overlap zone. These dots moved in short excursions
back and forth in the cell and were constrained to the over-
lap zone (Figure S2A). Movements were MT dependent, as
indicated by the fact that they were abolished by treatment
with the MT inhibitor MBC (data not shown). Within individ-
ual MT bundles, cls1p dots frequently coincided with
edges of an overlap zone, suggestive of an association
near MT minus ends. One dot always colocalized with
the spindle pole body (SPB), as shown with a SPB marker,
cut12-CFP (Figure S1A; Grallert et al., 2006).
S. pombe CLASP did not behave like bona fide +TIP
proteins such as tip1p (CLIP170). Unlike +TIPs, cls1p
dots did not exhibit directed movement all the way to
the cell tips. Dual imaging of cls1-3GFP and MTs did not
reveal any detectable cls1p on MT plus ends growing to
cell tips (Figure 1D; Figure S2A). Furthermore, cls1p did
not colocalize with tip1p at MT plus ends (Figure S2C).
To test whether cls1p levels were simply too low to visual-
ize, or whether the C-terminal fusion disrupted plus-end
localization, we mildly overexpressed (20- to 30-fold)tal Cell 13, 812–827, December 2007 ª2007 Elsevier Inc. 813
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CLASP in Microtubule StabilizationFigure 1. cls1p Localizes to Overlapping MTs and Kinetochores
(A) Mitotic cells expressing cls1-3GFP and CFP-tubulin in early mitosis (top), metaphase (middle), and anaphase (bottom). Images in (A)–(D) are
maximum projections of deconvolved stacks.
(B) Cells expressing cls1-3GFP and the kinetochore marker ndc80-CFP in a tubulin mutant nda3-311, which arrests in metaphase without a spindle.
(C) Interphase cells expressing cls1-3GFP and CFP-tubulin. The graph shows fluorescence intensity profile of cls1-3GFP and CFP-tubulin along one
representative bundle. Note localization of cls1p to dot or dots within MT overlaps, as shown by medial regions of increased tubulin fluorescence.
(D) Time-lapse images of interphase cell expressing cls1-3GFP and mRFP-tubulin. Arrowheads mark growing MT plus ends.
(E) Interphase cells expressing cls1-3GFP and CFP-tubulin were treated with MBC for 10 min. Maximum projection images are shown.
(F and G) Time-lapse of cell expressing cls1-3GFP and mRFP-tubulin and treated with MBC in a flow chamber. Kymographs of the indicated bundle
(arrowheads)—constructed from single-plane time-lapse images (0.25 fps)—show that MT plus ends (yellow arrows) shrink toward cls1p dots within
the overlap zone. A region within the overlap zone is stable and can support MT regrowth once MBC is removed. For selected time points, raw images
and schematic interpretations are shown (G).
Scale bars represent 5 mm.814 Developmental Cell 13, 812–827, December 2007 ª2007 Elsevier Inc.
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CLASP in Microtubule StabilizationGFP-cls1p (Figure S2D). This fusion, which was also func-
tional, labeled more intensely dots near the nucleus and
faintly along the rest of the MT lattice, but still no accumu-
lation was observed at plus ends. Thus, fission yeast
CLASP does not appear to track growing cytoplasmic
MT plus ends.
Interphase MT bundles have a zone that is stabilized
against MT depolymerization. In wild-type cells, treatment
with MBC depolymerizes the MTs and leaves 2–5 stable
MT remnants (or stubs) around the nucleus (Tran et al.,
2001). These zones of stabilization were marked by
cls1p (Figure 1E). By imaging cells before and during
MBC treatment, we observed that within a minute of
MBC treatment, MTs shrank toward regions marked by
dots of cls1p within the overlap zone (Figures 1F and
1G). It is notable that this stable region marked by cls1p
was often smaller than the whole overlap zone. Upon
washout of the drug, the MT bundles regrew from this
stub, and cls1p maintained its association with MTs at
the edges of the overlap zone. cls1p is, to our knowledge,
the first protein demonstrated to be located specifically at
this stabilization region. Thus, cls1p defines a stable
region within the MT overlap.
Measurements of cls1-3GFP fluorescence intensities
indicated that cls1p is a nonabundant protein with approx-
imately 500 molecules per interphase cell. Each cls1p dot
on MT bundles was estimated to represent a small number
of molecules (mean = 13 ± 10, median = 10, n = 66; Fig-
ure S3). Total cls1p levels were 50% higher in mitotic cells.
Within the spindle, the estimated number of cls1-3GFP
molecules ranged from 83 to 389 (mean = 227 ± 94,
median = 216, n = 13), representing on average 30%
of the total amount of cls1p in the cell. Assuming an aver-
age of 20 MTs per spindle (Ding et al., 1993; see Supple-
mental Experimental Procedures), this suggested that
there are 11 molecules of cls1p per MT in spindles.
cls1p Is Required for the Stabilization
of Spindle MTs
cls1 is an essential gene. Germinated cls1D spores arrest
in mitosis with spindle defects (Figure S4; Grallert et al.,
2006). We therefore generated a set of conditional tem-
perature-sensitive cls1 alleles (Figure S5). We used pri-
marily the cls1-36 allele, which was inactivated within
minutes at 30C and was the most severe allele obtained.
cls1-36 is a recessive loss-of-function allele, as shown by
the fact that a cls1+/cls1-36 heterozygous diploid was
viable at 30C and 36C. This allele allowed us to examine
the consequence of cls1p loss-of-function at different
points in mitosis.
When cls1p was inactivated prior to mitosis, cells
entered mitosis but then encountered severe defects in
spindle assembly (50/50 cells; Figure 2A). Short spindles
were unable to progress to a stable structure and rapidly
collapsed. In these ‘‘monopolar’’ spindles, short dynamic
MTs emanated from the clustered SPBs. The spindle poles
repeatedly separated for short distances before collapsing
together again. cls1-36 cells arrested in mitosis for an
extended period (length of mitosis: 27 ± 3 min for cls1+,Developmen64 ± 33 min for cls1-36; n = 20, p < 0.001) in amad2-depen-
dent manner (data not shown), suggesting that cls1p loss
of function did not disrupt the spindle checkpoint.
In order to determine whether cls1p is important for the
maintenance of a bipolar spindle, cls1-36 cells were
shifted to the restrictive temperature (30C) after initial
spindle assembly (Figure 2B). When cls1p was inactivated
prior to anaphase, the spindle collapsed, lost bipolarity
within 1–2 min, and persisted in a monopolar configura-
tion. When the temperature was shifted during anaphase,
MTs disappeared starting from the middle of the spindle in
2 min upon reaching 30C. This was followed by collapse
of the spindle, as shown by movement of the spindle poles
back together. Spindle MTs retained their linear organiza-
tion and did not splay apart (Figure 2C; Movie S1).
We next analyzed more carefully the behavior of MTs
within the spindle. In wild-type cells, kymographs revealed
the presence of interpolar MTs that persisted throughout
anaphase without minus-end flux, as shown by the behav-
ior of GFP-tubulin speckles (Figure 2D; Sagolla et al.,
2003). At this stage of mitosis, approximately 11–15 inter-
polar MTs overlap in the midzone (Ding et al., 1993). The
plus ends of these MTs exhibited growth and shrinkage
but only rarely shrank past the midzone (Figure 2D; Sa-
golla et al., 2003). In cls1 mutants shifted in anaphase,
we observed that individual interpolar MTs depolymerized
one by one in a processive manner to the poles, without
pause or rescue events in the midzone (Figure 2D). GFP-
tubulin speckles did not move toward the poles, suggest-
ing that MTs were depolymerizing from their plus ends
rather than their minus ends. Astral MTs still exhibited
dynamic growth during this period, suggesting that loss
of cls1p did not affect general MT assembly in the cell.
These results, together with its localization at the spindle
midzone, show that cls1p maintains spindle stability by
stopping interpolar MTs from disassembling past the
midzone.
We tested whether cls1p halts MT disassembly by
inhibiting a MT plus-end depolymerase, kinesin-8 (Gupta
et al., 2006; Varga et al., 2006). S. pombe kinesin-8 pro-
teins klp5p and klp6p localize to the spindle midzone in
anaphase and affect spindle length (Garcia et al., 2002;
West et al., 2002). We found that deleting klp5 and klp6
did not alter the complete depolymerization of MT plus
ends in the cls1-36 mutant (Figure 2D). Thus, depolymer-
ization of interpolar MT plus ends in cls1 mutants is not
dependent on kinesin-8 function.
CLASP Does Not Affect Interphase MT Plus-End
Dynamics or Bundling
We next examined the effects of cls1p loss of function on
interphase MTs. In cls1 mutants, interphase MTs were
arranged normally, with overlap zones near the nucleus
at the cell center and dynamic plus ends extending toward
cell tips (Figure 3A). MT overlap zones in cls1-36 were of
normal lengths and positioned near the nucleus (Fig-
ure 3B). The number of interphase bundles and the rates
of growth and shrinkage of MT plus ends were compara-
ble to wild-type (Figures 3C and 3D).tal Cell 13, 812–827, December 2007 ª2007 Elsevier Inc. 815
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CLASP in Microtubule StabilizationFigure 2. cls1p Is Required for Assembly and Maintenance of a Bipolar Spindle
(A) Wild-type and cls1-36 cells expressing GFP-tubulin shifted to the restrictive temperature (30C) during interphase. Time-lapse images monitor
cells as they go from interphase (top panel) into mitosis (subsequent panels). Time listed in minutes is relative to mitotic entry. Maximum projection
confocal images are shown.
(B) Defects in maintenance of mitotic spindle in cls1ts. cls1-36 cells were shifted to 30C in early mitosis (left) or late mitosis (right). Temperature and
time (min:s) are listed.
(C) Anaphase spindle disassembly in cls1ts. Wild-type and cls1-36 cells were shifted to 30C and imaged immediately.
(D) Kymographs of anaphase spindles. Cells were shifted to 30C and imaged by single-plane confocal time-lapse microscopy (0.5 fps). Kymographs
were constructed from the red-boxed region. In wild-type, GFP-tubulin speckles (one example indicated in green) track parallel to the spindle poles
(purple). MT plus ends are dynamic within the midzone but rarely disassemble completely. In cls1-36 cells and cls1-36 klp5D klp6D cells, all interpolar
MTs (one plus end indicated in blue) rapidly shrink to spindle poles. Vertical scale bar represents 1 min.
(E) Schematic representation of interpolar MT behavior in anaphase spindle kymographs from cls1+ and cls1ts cells. For clarity, dynamics are high-
lighted in a single MT (green) within a simple antiparallel bundle. In cls1+, the MT plus end is dynamic, but depolymerization halts in the medial overlap
zone (midzone) and the MT regrows (arrow); spindle poles (minus ends) continuously separate due to pushing forces in the midzone. In cls1ts, a shrink-
ing interpolar MT will not stop depolymerizing (arrow); without a midzone, spindle pole separation ceases.
Scale bars represent 5 mm.816 Developmental Cell 13, 812–827, December 2007 ª2007 Elsevier Inc.
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CLASP in Microtubule StabilizationFigure 3. Interphase MT Bundles Are Properly Organized in cls1ts
(A) Wild-type and cls1-36 cells expressing GFP-tubulin were imaged at 30C. Inverted maximum projection confocal images are shown.
(B) Length of interphase MT overlap zones and their relative positions in the cell (n = 50 for each strain), as determined by regions of increased GFP-
tubulin fluorescence intensity in bundles.
(C) Number of MT bundles in interphase cls1+ and cls1-36 cells (n = 100 cells for each strain).
(D) Quantification of interphase MT plus-end behavior. Plus-end growth/shrinkage rates and dwell times at cell tips (n = 24 for cls1+; n = 23 for cls1-36)
and the number of MTs contacting cell tips at one time (n > 70 cell tips for each strain) were quantified from time-lapse images of cells at 30C. MTs did
not curl around cell tips in 36 wild-type and 41 cls1-36 cells imaged for >6 min.
Scale bars represent 5 mm. Error bars indicate SD.Grallert et al. (2006) recently reported that the loss of
cls1p/peg1p function causes a decrease in catastrophe
of interphase MT plus ends at cell tips in a dynein-
dependent manner. However, we were unable to detect
any significant defect in catastrophe regulation of MT
plus ends in cls1-36, peg1.1, or in a dynein heavy-chain
mutant dhc1D (Figure 3D; Figure S6). In cls1-36, dwell
times of MT plus ends at cell tips and the number of
MTs contacting a single cell tip at any one time were nor-
mal. MT plus ends maintained contact with the cortex at
cell tips and did not curl around cell tips. Occasional buck-
ling of bundles that contacted both cell tips occurred at
similar rates and extents in both wild-type and cls1-36
cells (Figure 3A and data not shown). The +TIPs tip1p
(CLIP170) and mal3p (EB1) localized normally on MT
plus ends, and cell polarity regulation, which depends
on MT plus end factors, was not affected (data not shown;
Grallert et al., 2006). Nuclear positioning was also normal
(data not shown), suggesting that attachment of MT bun-
dles to the nuclear envelope was not affected. One reason
for the differences between our data and those of GrallertDevelopmeet al. (2006) may be their use of a GFP-a-tubulin construct
that replaces one of the endogenous a-tubulin genes (see
Supplemental Discussion). Our analysis of cls1p pheno-
types and localization show that cls1p does not affect
general MT plus-end dynamics at cell tips.
cls1p Affects Stability of Interphase MTs
within Overlap Zones
cls1p marks regions of MT overlap stable to MBC, so we
next examined the role of cls1p in regulating MT stability
in the overlap zones of interphase MT bundles. In contrast
to wild-type cells, in which stable MT remnants were main-
tained in the presence of MBC, such remnants were either
entirely missing or very weak in cls1 and peg1.1 mutant
cells at the restrictive temperature (Figure 4A; Figure S6).
Thus, cls1p is required for stabilizing a zone within MT
overlapping regions.
The contribution of cls1p and this stable zone was more
subtle in the context of the whole MT bundle. In cls1
mutants, the dynamic organization of the bundles was
grossly normal, but in general, the placement and lengthntal Cell 13, 812–827, December 2007 ª2007 Elsevier Inc. 817
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CLASP in Microtubule StabilizationFigure 4. cls1p Is Required for Interphase MT Stability at
Overlap Zones
(A) Wild-type and cls1-36 cells expressing GFP-tubulin were grown at
25C and then treated with MBC for 5 min at 25C. Cells were then
shifted to 36C for 5 min or left at 25C. Maximum projection confocal
images are shown. Below: the number of stable MT remnants per cell
(n > 50 cells for each strain).
(B) MT regrowth from a short overlap zone. Cells expressing GFP-
tubulin were imaged at 30C. Kymographs of the indicated bundle
(red arrowheads) were constructed from single-plane confocal time-
lapse images (0.5 fps). In wild-type, MT plus ends (yellow arrows)
shrink from both sides to a short stable stub, and after a short pause818 Developmental Cell 13, 812–827, December 2007 ª2007of the overlap zones seemed more variable over time (also
Grallert et al., 2006). Furthermore, we detected a quantita-
tive defect in the stability of very short MT bundles, which
occasionally form when MTs from both sides of a bundle
shrink simultaneously toward the overlap zone, leaving
only a short bundle of <1 mm (Figure 4B; Figure S7A). In
wild-type cells, these short bundles did not completely
shrink away and generally regrew in a bipolar manner
(13/14 events). In contrast, in cls1-36 cells, about half of
these short bundles (10/19 cases) depolymerized com-
pletely. Thus, these findings, which are consistent with
effects in MBC-treated cells, show that cls1p is needed
to stabilize short MT bundles.
Another indication of cls1p function was the pattern of
MT growth from the overlap zone (Figures S7B and
S7C). In wild-type cells, upon shrinkage of a MT plus
end to the overlap zone, another MT grew back to replace
it almost immediately. In cls1-36 cells, the time between
MT shrinkage to the overlap region and MT regrowth
was erratic and often delayed (51% of regrowth events
in cls1-36 were delayed >30 s, versus 25% in wild-type).
Kymographs allowed us to analyze whether individual
MTs are normally stabilized within bundles (Figure S7D).
Recent data indicate that wild-type bundles are dynamic
structures in which new MTs are nucleating off of pre-
existing MTs (Janson et al., 2005), suggesting that to
maintain a steady state, individual MTs must also be lost
from bundles. We found that in wild-type cells, the major-
ity of depolymerizing MTs appear to shrink through the
overlap zone without any rescue or change in depolymer-
ization rate. These findings disprove a simple model that
cls1p stabilizes every MT at the overlap zone. However,
we did note that in wild-type cells, 19% of MTs shrank
down to a short fragment that then paused (Figure 4B; Fig-
ure S7D). In the cls1-36 mutants, MTs depolymerized past
the overlap zone, and pause/rescue events were not ob-
served. Together these findings show that cls1p prevents
the complete depolymerization of a subset of MTs within
overlap zones.
MT Bundles Are Maintained by Nucleation
and Stabilization
Because CLASP has been proposed to affect MT nucle-
ation (Efimov et al., 2007; Hannak and Heald, 2006), we
tested the effects of cls1p on MT nucleation. First, we
examined MT regrowth after MBC washout (Figure S8A).
Even without starting with stable remnants, MTs quickly
regrew in cls1 mutant cells, indicating that MT nucleation
activity was still robust. Second, kymographs of intact
MT bundles in cls1-36 mutants showed that nucleation
MTs grow back toward cell tips. In cls1-36, the bundle disassembles
completely. Vertical scale bar represents 1 min. Below: the fraction
of MTs that pause within an overlap zone during depolymerization
(n > 60 MTs for each strain).
(C) Synthetic effect of cls1 and mto1 mutations on maintenance of in-
terphase MT bundles. Cells expressing GFP-tubulin were shifted to
30C for 5 min. Below: the fraction of cells (n > 60 for each strain)
that contain cytoplasmic MTs in interphase cells (asterisks).
Scale bars represent 5 mm. Error bars indicate SD.Elsevier Inc.
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CLASP in Microtubule StabilizationFigure 5. Overexpressed cls1p Stabi-
lizes MTs by Promoting Rescue
(A) Localization of GFP-cls1p overexpressed
from a full-strength nmt1 promoter induced
by the removal of thiamine.
(B) cls1p overexpression stabilizes MTs to
MBC. Cells expressed GFP-tubulin (top),
cls1-3GFP (bottom left), or GFP-cls1p (bottom
middle, bottom right). Different levels of ex-
pression of untagged (top) or GFP-tagged
cls1p (bottom) were driven by the endogenous
cls1 promoter (left), or an integrated medium-
strength (middle), or full-strength nmt1 pro-
moter (right) in the presence of thiamine.
(C, E, G) Cells expressing GFP-tubulin were in-
duced for cls1p overexpression from an inte-
grated full-strength nmt1 promoter by the re-
moval of thiamine.
(C) Images of MT structures in cells overex-
pressing cls1p. A remnant of an interphase
MT bundle persists in mitosis (yellow arrow-
head). A spindle elongates (red arrow), while
another fails to disassemble during septation
(red asterisk). Time is in min:s.
(D and E) Single interphase MT bundles from
a wild-type cell (D) or a cls1p-overexpressing
cell (E). Traces represent positions of plus
ends (red) and boundaries of the overlap
zone (black).
(F) An N-terminal region of cls1p is necessary
and sufficient for MT stabilization. Cells were
induced to express the indicated cls1 frag-
ments from a full-strength nmt1 promoter by
removal of thiamine. HEAT repeats (orange
boxes) and a basic serine-rich stretch (green
box) are indicated in the cls1p schematic. Cells
were scored for interphase MT stability by
time-lapse imaging of GFP-tubulin.
(G) Single interphase MT bundles in the indi-
cated mutant backgrounds overexpressing
cls1p.
All images are maximum projections of confo-
cal stacks. Scale bars represent 5 mm.and movement of short MTs along existing interphase MT
bundles also occurred normally (Figure S7D, blue
outlines). We further noted that particles of g-tubulin
complexes, as marked by mto1-GFP (Sawin et al., 2004;
Zimmerman and Chang, 2005; Zimmerman et al., 2004),
were localized normally on MT bundles in cls1-36 cells
(Figure S8B). Thus, cls1p does not affect MT nucleation.
We reasoned that MT bundles may be maintained both
by continuous nucleation of new MTs on the bundle andDevelopmeby cls1p-dependent MT stabilization. We thus tested the
role of cls1p in mto1 mutants in which MT nucleation is
deficient (Figure 4C). Under our growth conditions, most
(92%, n = 65) mto1D interphase cells exhibited MT bun-
dles. Strikingly, upon 5 min of shifting to 30C, all cytoplas-
mic MT bundles were lost in the majority (56%, n = 62)
of cls1-36 mto1D cells. Therefore, cls1p is critical for the
maintenance of cytoplasmic MTs in the absence of MT
nucleation.ntal Cell 13, 812–827, December 2007 ª2007 Elsevier Inc. 819
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CLASP in Microtubule StabilizationFigure 6. ase1p Recruits cls1p to Overlapping MTs by Direct Binding
(A) Cls1-3GFP in wild-type and ase1D cells. cls1p localization is defective in ase1D. Cells in interphase (yellow) and anaphase (red) are shown. Max-
imum projection confocal images are shown.
(B) Ase1-YFP localization in wild-type and cls1-28 interphase cells at 33C.
(C) Coimmunoprecipation. Extracts from yeast cells expressing ase1-HA3 and/or cls1-myc13 at endogenous levels were immunoprecipitated and
probed by immunoblotting with anti-HA or anti-myc antibodies.
820 Developmental Cell 13, 812–827, December 2007 ª2007 Elsevier Inc.
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CLASP in Microtubule StabilizationOverexpression of cls1p Promotes MT Rescue
Independent of Other MAPs
cls1p overexpression led to MT stabilization in a highly
specific manner. We overexpressed cls1 from its chromo-
somal locus by insertion of an inducible promoter
upstream of cls1+. Imaging of cells overexpressing GFP-
cls1p suggested that at these levels, cls1p localized to
the MT lattice over much of the bundle (Figure 5A). Fluo-
rescence intensity measurements indicated that cls1p
was expressed 200–300 times higher than normal. In the
cls1p-overexpressing cells, interphase MT bundles and
spindles were in a grossly normal configuration and orga-
nization. However, time-lapse microscopy showed that
the interphase bundles seemed largely frozen over signif-
icant lengths of time (Figure 5C; Movie S2). Although in
some cells MTs were entirely frozen, in others, a segment
of the MTs at the plus ends remained dynamic. These MTs
still grew to the cell tip and then exhibited catastrophe
(Figures 5D and 5E). But instead of shrinking back to the
medial region of the cell, MT growth was promptly rescued
so that MTs showed only short cycles of growth and
shrinkage at their tips. The length of MT bundles stable
to MBC was correlated with the level of cls1p expression
(Figure 5B). Together with the loss-of-function experi-
ments, these observations provide strong evidence that
cls1p stabilizes MTs by preventing MT disassembly.
We mapped the region of cls1p responsible for the MT-
stabilizing activity by overexpressing cls1 fragments
(Figure 5F). An N-terminal cls1 fragment (aa 1–500), which
contains a series of HEAT repeats, was necessary and
sufficient for this activity.
To further examine the mechanism of cls1p function, we
tested whether cls1p stabilizes MTs through other pro-
teins implicated in MT stability. It has been proposed
that CLASPs may regulate MT dynamics through interac-
tions with CLIP170, EB1, or dynein (Akhmanova et al.,
2001; Grallert et al., 2006; Mimori-Kiyosue et al., 2005).
The effects of cls1p overexpression were monitored in
various mutants (Figure 5G). MT stabilization was still ap-
parent in the absence of tip1p (CLIP170), mal3p (EB1), and
dhc1p (dynein heavy chain). Importantly, stabilization also
occurred in ase1 (PRC1/MAP65) mutants, in which MT
bundling is reduced. Thus, cls1p can function on single
unbundled MTs, and under these conditions of overex-
pression, is not dependent on ase1p.
cls1p overexpression also appeared to stabilize MT
minus ends. The g-tubulin complex can function as
a cap that stabilizes the MT minus end (Wiese and Zheng,2000); mutants such as mto1D, which are defective in
g-tubulin complex function, exhibit shrinkage from MT
minus ends (Zimmerman and Chang, 2005). cls1p over-
expression appeared to stabilize all MT ends in mto1D
cells. In addition, cls1p also stabilized MT fragments gen-
erated by laser microsurgery (A. Khodjakov, V. Magidson,
and F.C., unpublished observations). Although over-
expression studies of MT-associated proteins do carry
caveats, these striking phenotypes, which are the oppo-
site of cls1p loss-of-function phenotypes, provide further
support for a role of cls1p in preventing MT disassembly
and promoting MT rescue.
ase1p Targets cls1p to Overlap Zones
We next determined how cls1p is targeted to specific re-
gions on the MT. The localization of cls1p (expressed at
endogenous levels) was unaffected by the loss of the
+TIPs tip1p (CLIP170), mal3p (EB1), tea1p (kelch repeat
protein), and tea2p (kinesin) (Figure S1C; Grallert et al.,
2006). In contrast to Grallert et al. (2006), we also detected
no localization defects in a dhc1 (dynein heavy chain) mu-
tant. Consistent with its localization to the medial overlap
zone, cls1p localization was dependent on ase1p (PRC1/
MAP65) (Figure 6A; Figure S1C). In an ase1D background,
cls1-3GFP localization was severely disrupted in inter-
phase and postanaphase MT arrays. cls1p localization
was also significantly reduced at the spindle, although it
was detected at low levels all along the length of anaphase
spindles. In contrast, ase1-YFP localized normally to dis-
crete regions along interphase MT bundles in cls1ts cells
(Figure 6B). Thus, ase1p is needed to recruit cls1p to
regions of MT overlap.
Given these findings, we tested whether ase1p and cls1p
interact. By using epitope-tagged proteins expressed at en-
dogenous levels in fission yeast, we found that ase1p and
cls1p coimmunoprecipitated (Figure 6C). Two-hybrid as-
says also revealed the interaction. We then demonstrated
that this interaction was direct by the binding of bacterially
expressed proteins in vitro (Figure 6D).
By using two-hybrid and direct binding assays, we
mapped the minimal ase1p interaction domain on cls1p
to a 200 aa region in the middle of the protein (Figures
6D and 6E). This region was responsible for localization
of cls1p at MT overlap zones (Figure S9) and was distinct
from the N-terminal MT stabilization domain. Interestingly,
this ase1p-interacting region encompasses the 60 aa
stretch that contains the bulk of the mutated residues in
our randomly generated cls1ts alleles (Figure S5C). The(D) In vitro binding. GST-cls1_M (aa 501–1197) and GST-cls1_C (aa 813–1462) were expressed in bacteria, purified, and tested for binding to columns
containing MBP-ase1 (full-length) or MBP. GST-tagged proteins were detected by immunoblotting. Coomassie staining shows loading control.
(E) Two-hybrid assays between GAD-cls1 fragments and GBD-ase1 (full-length). The minimal ase1p-interacting region (aa 605–812) is indicated in
blue. This interaction was disrupted by point mutations identified in cls1ts alleles (asterisks).
(F) Two-hybrid assays between GBD-ase1 fragments and GAD-ase1 (full-length) or GAD-cls1_M. The minimal cls1p-interacting region (aa 468–731) is
indicated in red. ‘‘++’’ denotes growth on HIS and on ADE, and ‘‘+/’’ denotes growth only on HIS.
(G) Localization and function of exogenously expressed cls1 fragments fused to mCherry. For localization, fragments were expressed in haploid cls1+
cells coexpressing GFP-tubulin and semiquantitatively scored for localization to the indicated cellular locales. For (i) and (ii), ‘‘++’’ indicates wild-type
levels, and for (iii), ‘‘+’’ indicates wild-type levels. For functional assays, fragments were expressed in diploid cls1+/cls1D cells, and their ability to res-
cue viability in haploid cls1D spores was determined. ‘‘+’’ indicates full rescue. ‘‘ND,’’ not determined.
Scale bars represent 5 mm.
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CLASP in Microtubule StabilizationFigure 7. ase1p C Terminus Is Necessary for cls1p Targeting but Not MT Bundling
(A) Defective localization of cls1-3GFP in ase1D and ase1DC (truncation of aa 665–731). Maximum projection confocal images of cells in interphase
(yellow) and anaphase (red) are shown.
(B) Anaphase spindle elongation defects in ase1D and ase1DC. Maximum projection confocal images of cells expressing GFP-tubulin show similarly
broken (arrowheads) and asymmetric spindles in ase1 mutants.
(C) Quantification of anaphase spindles that displayed broken morphology, as seen in (B). For each strain, >20 spindles were examined in time-lapse.
(D) Quantification of the number of stable MT remnants in MBC-treated cells at 30C (n > 120 cells for each strain). ase1 mutants are defective in
stabilization of interphase MT bundle overlap zones (*p < 104).822 Developmental Cell 13, 812–827, December 2007 ª2007 Elsevier Inc.
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CLASP in Microtubule Stabilizationase1p interaction domains from four of these mutant
alleles failed to bind ase1p. These results suggest that
the ase1p interaction domain of cls1p is important for its
function in vivo.
Domain Analysis of cls1p Function
and Localization
In a complementary line of experiments, we carried out
a truncation analysis of cls1p to determine the regions of
cls1p responsible for its localization and function in vivo
(Figure 6G; Figures S9 and S10). cls1 fragments were
fused to mCherry and exogenously expressed from the re-
pressed nmt1 promoter in cls1+ cells coexpressing GFP-
tubulin. Functionality of the fragments in these studies
was measured by the ability to rescue cls1D mutants for
growth of colonies.
Notably, the N terminus of cls1p was sufficient and
necessary for the essential function of cls1p. This region
includes the MT stabilization domain, which contains
HEAT repeats and has predicted structural similarities to
dis1/TOG proteins (Figure S11). The MT stabilization
domain alone provided partial rescue, whereas a fragment
containing the MT stabilization domain and the basic, ser-
ine-rich domain provided full rescue of viability. These
fragments localized to the nucleus, consistent with an
essential function in mitosis, but did not appear to accu-
mulate on MT structures. The basic domain, which has
been implicated in MT binding in other CLASPs (Mimori-
Kiyosue et al., 2005; Wittmann and Waterman-Storer,
2005; Yin et al., 2002), appeared to mediate efficient
nuclear localization; this region was also required for res-
cue activity and for association with spindle MTs but not
with interphase MTs. These data suggest that the MT sta-
bilization activity and nuclear accumulation are critical for
cls1p function.
The ase1p-binding domain in the middle of the protein
was critical for localization to MT overlap zones. Deletion
of this region caused the protein to be localized poorly
along the entire anaphase spindle but, as in ase1D cells,
did not affect the ability of cls1p to support viability.
Although the ase1p-binding domain did not localize by
itself to regions of MT overlap, it targeted neighboring
sequences to these sites.
The C terminus of CLASP is predicted to interact with
CLIP170 and mediate targeting to kinetochores (Akhma-
nova et al., 2001; Maiato et al., 2003). Interestingly, we
found that deletions of this region did not affect cls1p
rescue activity or localization to overlapping MTs. These
results were confirmed with a truncated cls1p expressed
from the endogenous locus (data not shown).
In summary, these structure-function analyses demon-
strate that the MT stabilization and basic domains areDevelopmesufficient for the essential cls1p function in vivo and
that the medial ase1p-interacting domain, although non-
essential, is important for enriched localization to overlap
zones.
Separating Roles of ase1p in MT Stabilization
from MT Bundling
We further mapped functional domains of ase1p. Two-
hybrid studies showed that the C terminus of ase1p was
necessary and sufficient for the interaction with cls1p
(Figure 6F). An N-terminal portion of ase1p, which has
been shown to mediate MT binding, also binds to itself,
presumably for ase1p dimerization and MT bundling
(Janson et al., 2007; Schuyler et al., 2003; Smertenko
et al., 2004).
These findings suggested that ase1p has distinct do-
mains, one to dimerize and bundle MTs and another to
stabilize MTs through cls1p. To test this model, we gener-
ated an ase1 mutant lacking the cls1p-binding site by cre-
ating a C-terminal truncation of the chromosomal ase1
gene (ase1DC). This mutant ase1p, which lacks the
C-terminal 67 aa, was capable of binding and bundling
MTs in vivo (Figures 7E and 7F). However, it was defective
in targeting cls1p to overlap zones (Figure 7A) and ex-
hibited similar defects as ase1D cells in anaphase spindle
stability (Figures 7B and 7C; Movies S3–S5) and stabili-
zation of interphase MT stubs within overlap zones
(Figure 7D). Thus, the formation of bundles that lack stabil-
ity in ase1DC and cls1ts cells demonstrates that stability is
not an intrinsic property of overlapping MTs, but relies on
the recruitment of cls1p.
DISCUSSION
A Mechanism for Stabilization of Overlapping MTs
Here, we provide a new mechanism for how overlapping
MT arrays are stabilized. Although it has been thought
that ase1p or MT bundling itself stabilizes MTs, we show
that cls1p is responsible for this activity. ase1p, which
binds and bundles MTs directly, also binds and recruits
cls1p to zones of overlapping MTs in the spindle and inter-
phase MT bundles. Inactivation of cls1p led to the rapid
loss of mitotic spindle MTs and, in the absence of MT
nucleation, of interphase MT bundles. Our data indicate
that cls1p stabilizes MTs by preventing MT disassembly
while still allowing for MT plus-end growth; we find no
measurable effects of cls1p on MT nucleation, polymeri-
zation, catastrophe, or bundling. Although CLASP has
been primarily studied as a MT plus-end protein, these
studies demonstrate that CLASP can form a MT-stabiliz-
ing ‘‘patch’’ that can be directed to other parts of the MT
to stabilize a particular subset of the MT cytoskeleton.(E) Localization of ase1-mCherry and ase1DC-mCherry to MT overlap zones. Interphase (yellow) and anaphase cells (red) are shown. Images are
maximum projections of deconvolved stacks.
(F) Ase1-mCherry and ase1DC-mCherry localization on single interphase MT bundles. Top, single-plane image of GFP-tubulin. Bottom, kymographs
of the mCherry fusion proteins along the indicated bundle (yellow arrowheads)—constructed from single-plane time-lapse images (0.5 fps)—showing
association with a newly nucleated MT sliding toward the main overlap zone of the bundle (blue arrow).
Scale bars represent 5 mm. Error bars indicate SD.ntal Cell 13, 812–827, December 2007 ª2007 Elsevier Inc. 823
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from those of a previous paper on this same gene by Gral-
lert et al. (2006). A discussion of these differences and
possible reasons is presented in the Supplemental Data.
CLASP and Rescue of the Spindle
The mitotic spindle contains the most stable MTs in the
fission yeast cell cycle. Many of the interpolar MTs that
assemble in initial stages of spindle formation persist until
the end of anaphase and are resistant to MBC and cuts by
laser microsurgery (Khodjakov et al., 2004; Mallavarapu
et al., 1999). For most of anaphase, the plus ends of these
MTs remain dynamic within the midzone but do not gener-
ally shrink past this region; thus, there has been a paradox
of how these spindle MTs can be dynamic at their ends but
do not shrink away completely during catastrophe. cls1p
appears to be responsible for the maintenance of these
overlapping spindle MTs. Our data indicate that it func-
tions by increasing the rescue frequency at the midzone.
It is likely that this role of CLASP in stabilizing midzone
MTs is conserved. Functional studies in Xenopus suggest
that CLASP is needed for maintenance of the anaphase
spindle, and there are clear effects of CLASP on the prom-
inent spindle midzone MTs in Drosophila cells (Hannak
and Heald, 2006; Inoue et al., 2004). Computational mod-
eling of MT behavior in spindles has suggested that
a catastrophe gradient exists at the poles (Cheerambathur
et al., 2007; Pearson et al., 2006); we note that this is
operationally equivalent to having a rescue gradient at
the midzone. Thus, CLASP may be a key regulator of
spindle MT dynamics.
CLASP and Rescue within Interphase MT Bundles
Our data provide new insight into the inner workings of the
interphase MT bundle. These bundles are dynamic, in that
MTs are continuously nucleated on the bundles, whereas
others are lost to depolymerization. These bundles are
also known to contain a medial ‘‘patch,’’ which is stable
to MBC treatment; these stable zones were the original
definition of the iMTOC (Tran et al., 2001). cls1p, which
decorates only a subset of the MT overlap zone, is the first
protein identified that marks specifically this patch.
We propose that this cls1p patch is a fail-safe mecha-
nism that prevents the complete disassembly of a MT
bundle. Although continuous MT nucleation from g-tubulin
complexes appears to compensate for loss of MT stability
normally, cls1p becomes critical for maintenance of bun-
dles when nucleation is defective. cls1p was also critical
for maintenance of short bundles in wild-type cells, where
there may be less chance of MT nucleation, and in condi-
tions leading to MT depolymerization.
Each cls1p patch may stabilize only one or a small sub-
set of MTs within these interphase bundles. In wild-type
interphase bundles, kymographs reveal that most shrink-
ing MTs are not rescued in the overlap zone but appear to
depolymerize away completely. However, about 20% of
MTs exhibited cls1p-dependent pause events within the
overlap zone. Each bundle contains around 4–5 MTs in
the overlap zone, and about half of these are <1 mm in824 Developmental Cell 13, 812–827, December 2007 ª2007 Elength (Hoog et al., 2007). Therefore, a cls1p patch may
normally stabilize on average only one MT within the over-
lap zone. To maintain a bundle, the stabilization of 1–2 MTs
may be sufficient, even advantageous: if every MT were
stabilized within an interphase bundle, new nucleation
would lead to overproliferation of MTs. Thus, nucleation,
depolymerization, and selective stabilization may maintain
the number of MTs within bundles.
CLASP Mechanism
Our studies suggest that cls1p functions to halt MT disas-
sembly and promote MT rescue. Very little is known about
the mechanism of MT rescue, a multistep process that
involves stopping depolymerization and then promoting
reinitiation of MT growth. The localization pattern of
cls1p suggests that it acts as a brake or clamp on the
MT lattice that anticipates the arrival of the shrinking MT
end and prevents the MT from shrinking past it. cls1p
patches consist of 10–13 molecules per stable MT in
both interphase and spindle MTs. This number is intrigu-
ing, because it suggests that very small numbers of
CLASP molecules (possibly 1 per protofilament) are suffi-
cient for this activity. It will be interesting to see whether
CLASP acts by independently stabilizing individual proto-
filaments, by regulating the GTP/GDP state of tubulin sub-
units, or as a collar at the lattice to stop the splaying of
depolymerizing protofilaments.
Structure-function analyses indicate that the N-terminal
region is sufficient for the essential function of cls1p. The
majority of this region is comprised of the MT stabilization
domain, which is responsible for the effects of cls1p over-
expression to increase rescue frequency. This activity was
independent of numerous plus and minus end-stabilizing
factors, as well as ase1p and MT bundling. This region
includes HEAT repeats and has predicted structural simi-
larity to TOG domains; a recent structure of a TOG domain
reveals how these HEAT repeats may bind directly on
tubulin (Al-Bassam et al., 2007). An analogous fragment
from S. cerevisiae CLASP Stu1p binds MTs with low affin-
ity in vitro (Yin et al., 2002). Therefore, it is likely that this
domain of cls1p can interact with tubulin directly. The ba-
sic region of cls1p, which has also been implicated in MT
binding in other CLASPs (Mimori-Kiyosue et al., 2005;
Wittmann and Waterman-Storer, 2005; Yin et al., 2002),
also contributes to its essential function.
The ase1p-interacting region on CLASP is sufficient and
necessary for concentrating cls1p to MT overlap regions.
Conservation of this region suggests that other CLASPs
may also interact with ase1p orthologs. This region binds
to the C terminus of ase1p, which is also functionally sep-
arable from other functions of ase1p. Interestingly, we note
that this region on ase1p contains several putative cdc2p
phosphorylation sites, which could potentially regulate
this interaction in mitosis (Khmelinskii et al., 2007; Loiodice
et al., 2005; Mollinari et al., 2002; Smertenko et al., 2006).
A Module for Building MT Structure
In developing concepts and models of cellular assembly,
a toolbox of functional modules needs to be defined.lsevier Inc.
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which can be attached to specific sites on MTs, can
help to generate a MT structure that has both dynamic
and stable components. Many MT assemblages need to
be dynamic for their function, but also must be stable
enough so that they do not fall apart completely during
shrinkage events. Stabilizing MTs by stable caps that
stop both polymerization and depolymerization are not
suitable in this system, because the continued dynamics
are critical for the function of these arrays. Ways to
counter the complete disassembly of a dynamic bundle
are 3-fold: nucleation of a new MT off a pre-existing MT,
stabilization and rescue of shrinking MTs, or formation of
an entire new bundle. In fission yeast, all three mecha-
nisms can occur in interphase MT arrays, but MT stabiliza-
tion acts alone to maintain anaphase spindles.
Mathematical modeling of fission yeast MT bundles
now makes this a powerful simple system amenable to de-
tailed mechanistic analysis (Janson et al., 2007). In addi-
tion to the mitotic spindle, antiparallel MT bundles are
a prominent feature of arrays in fungal and plant cells
(Wasteneys, 2002), as well as in differentiated animal cells
such as neurons, myotubes, and megakaryocytes (Baas
et al., 1988; Patel et al., 2005; Tassin et al., 1985). It is likely
that the complex of CLASP with Ase1/PRC1/MAP65 will
be an important element in building many types of MT
structures.
EXPERIMENTAL PROCEDURES
Yeast Strains, Media, and Genetic Methods
S. pombe strains used in this study are listed in Table S1. Standard
methods for media and genetic manipulations were used. Deletion
strains and strains with integrated tags and/or promoters were con-
structed by PCR and homologous recombination (see Supplemental
Experimental Procedures) and confirmed by PCR from genomic
DNA. Tagged cls1 strains were functional as determined by viability,
mitotic spindle behavior, interphase MT dynamics, and MT stability
to MBC.
Microscopy
Microscopy was performed with either a wide-field fluorescence mi-
croscope or a spinning disk confocal microscope (Pelham and Chang,
2001). Images were acquired and analyzed with OpenLab software
(Improvision) and ImageJ (NIH). 3D wide-field stacks were processed
where indicated by maximum entropy deconvolution, and kymo-
graphs were constructed with the ‘‘Volume Slicing’’ tool in OpenLab.
Cells were imaged on agar pads or in liquid media under a coverslip.
An objective heater (Bioptechs) was used for temperature control dur-
ing imaging.
Generation of cls1ts Alleles
A C-terminal cls1 fragment was randomly mutagenized in vitro and
incorporated into the endogenous cls1 locus by homologous recombi-
nation by a ‘‘marker switch’’ method (MacIver et al., 2003) (see Fig-
ure S5 and Supplemental Experimental Procedures). Of 13 recessive
cls1ts alleles analyzed, all contained at least one mutation in a
60 aa region near the middle of the protein.
Cytoskeletal Analysis
Plasmids used in this study are listed in Table S3. For colocalization
studies, MTs were observed in cells transformed with either CFP-a-
tubulin (pRL74) or mRFP-a-tubulin (pSB62; see Supplemental Experi-Developmenmental Procedures). For MT kymographs (Figures 2D and 4B; Figures
S7D; Movie S1), MTs were observed in cells expressing GFP-a-tubulin
from pDQ105. Otherwise, GFP-a-tubulin was expressed from the
SV40 early promoter (see Supplemental Experimental Procedures).
For MT drug treatments, cells were added to agar pads containing
25 mg/mL MBC (Aldrich) from a fresh 1003 stock in DMSO. MT depo-
lymerization and regrowth experiments in flow chambers were per-
formed as described (Zimmerman et al., 2004). To control temperature
during the washout of MBC in Figure S8, prewarmed media and
a heated objective were used.
Coimmunoprecipitation, In Vitro Binding,
and Two-Hybrid Analyses
Immunoprecipitations from yeast extracts and in vitro binding assays
were performed as described (Martin et al., 2005) with modifications
(see Supplemental Experimental Procedures). For expression in
E. coli or S. cerevisiae, ase1 and cls1 gene fragments were cloned
by standard methods into pMal, pGEX, pGAD, or pGBD vectors.
Introns were removed in PCR oligos. For two-hybrid analysis, GAD
and GBD fusions were expressed in S. cerevisiae strain AH109 (Clon-
tech). The assay for interaction was growth on medium lacking adenine
or medium lacking histidine with 10 mM 30AT.
Supplemental Data
The Supplemental data include eleven figures, three tables, Supple-
mental Experimental Procedures, and Supplemental Discussion and
are available at http://www.developmentalcell.com/cgi/content/full/
13/6/812/DC1/.
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